Previous work has established a role for CD40-mediated signals in eliciting helper-dependent CD8 ؉ T cell responses. Here we investigated the effects of in vivo CD40 stimulation on the survival and function of tumor-specific CD8 ؉ T cells in a mouse melanoma model system. We found that agonistic anti-CD40 antibody treatment alone of tumor-bearing mice accelerated the deletion of tumorantigen-specific T cells. However, long-term survival and function of tumor-antigen-specific T cells could be achieved when viral immunization with tumor antigen and anti-CD40 treatment were combined. This rescue of CD8 ؉ T cells could not be easily replicated by inflammatory or antigen-specific stimuli alone, demonstrating the specificity of signals that regulate the deletion or survival of tumor-specific T cells. These results demonstrate that opposing effects can be elicited by CD40 stimulation in vivo and suggest the need for caution in using this treatment for cancer patients.
T cells play an important role in immunity to tumors, particularly melanomas. T cells specific for melanoma antigens can often be isolated from the tumor site, lymphoid tissue, or the blood of melanoma patients (1) (2) (3) . These T cells have various ranges of functional activity, but in some cases their presence correlates with a better clinical prognosis for the patient (4-7). For example, melanoma patients who develop vitiligo, a T cell-mediated autoimmune destruction of normal melanocytes, demonstrate a greater ability to control their tumor growth (8) (9) (10) (11) .
Despite the importance of T cells in tumor immunity, we still know very little about the induction of tumor-specific T cells and the signals that are necessary to sustain their activation and effector function. Melanoma-specific T cells are frequently isolated from patients but are often functionally unresponsive (12) (13) (14) (15) (16) . In humans, where we are unable to follow the progression of the disease from its earliest stages of development, it is difficult to determine either the causes of this functional inactivation or the intervention(s) necessary to prevent it.
The activation state of the antigen-presenting cell (APC) has been shown to have a dramatic effect on CD8 ϩ T cell responses. Three groups simultaneously demonstrated that a helperdependent CD8 ϩ T cell response could be converted to a helper-independent response simply by activating the APC with antibodies against CD40 (17) (18) (19) . Because suboptimal tumor antigen presentation is speculated to be a problem in tumorbearing hosts, several groups have used CD40 stimulation in tumor model systems in an attempt to augment failed or weak CD8 ϩ T cell responses (20) (21) (22) . While CD40 stimulation has shown some promise, the precise conditions under which this approach is most effective have not been fully defined. Indeed, a recent report suggests that agonistic anti-CD40 antibodies can be immunosuppressive (23) , exemplifying the need for careful assessment of this therapeutic intervention, particularly in the case of a tumor-bearing host where the immune response against the tumor may be minimal to begin with.
We have developed a melanoma model system that allows the tracking of endogenously generated tumor-specific T cells in vivo during the course of tumor growth. Mice were challenged with the murine melanoma tumor line B16 transfected with the gene for ovalbumin (B16ova). The CD8 ϩ T cell responses to the dominant ovalbumin epitope SIINFEKL (ova8) were followed with the use of a class I K b ͞ova8 tetrameric staining reagent. In these studies we demonstrated that tumor-specific T cells expanded and migrated to tumor tissues. We further demonstrated that agonistic antibodies against CD40 actually enhanced the deletion of antigen-specific CD8 ϩ T cells, and this deletion could be prevented by vaccination with tumor antigen.
Materials and Methods
Tumor Cell Lines and Mouse Injections. The B16-ovalbumin (B16ova) and B16-neomycin (B16neo) cell lines were kindly provided by Richard Duke (University of Colorado Health Sciences Center, Denver). These cell lines were made by lipofection of the B16-F10 cell line with constructs encoding the full-length ovalbumin gene with the neomycin-resistance selection gene (B16ova) or with the neomycin-resistance selection gene alone (B16neo) under the control of the cytomegalovirus long terminal repeat promoter. These tumor cells were cultured in complete media containing 750 g͞ml G418. Before injection into mice, the cells were trypsinized for 5 min at 37°C, washed with complete media and balanced salt solution (Earle's BSS), and resuspended in BSS at 1 ϫ 10 6 cells per milliliter. Six-to 12-week-old C57BL͞6J (B6) female mice from the Jackson Laboratory were anesthetized with Avertin, their rear flanks were shaved, and they were injected with 1 ϫ 10 5 tumor cells intradermally.
Virus and DNA Vaccination. Vaccinia virus (VV) (kindly provided by Tom Mitchell, University of Louisville, Louisville, KY) was propagated in and titrated by plaque assay on cultured 143B osteosarcoma cells as described (24) . Mice were challenged i.v. with 2-4 ϫ 10 6 plaque-forming units of VV encoding ovalbumin (VVova) (25) or influenza virus nucleoprotein (VV-NP) (25) .
The ovalbumin gene was subcloned into an expression vector containing the tissue plasminogen activator leader sequence for secretion, along with a cytomegalovirus promoter and the bovine growth hormone polyadenylation sequence (a kind gift from Keith Rushlow, Heska Corp., Fort Collins, CO). Plasmid DNA was prepared by a modified alkaline lysis procedure followed by glycol precipitation as described (26) . Mice were injected with 50 g of total plasmid DNA in a total volume of 200 l. Equal amounts of DNA were injected bilaterally into the quadriceps muscles of mice anesthetized with Avertin.
Monoclonal Antibodies. The antibodies used in these studies were 1C10 (anti-CD40), XMG1.2 (anti-IFN␥), GK1.5 (anti-CD4), and 20LC-11.1 (anti-DR1 used as a control rat antibody). The respective hybridomas were grown in serum-free conditions, and each antibody was purified on a protein G column. After elution in a glycine⅐HCl buffer and neutralization with a Tris buffer, the purified antibodies were dialyzed into PBS and injected i.p. into tumor-bearing hosts. Two hundred micrograms of anti-CD40 antibody (27) was injected 7-10 days after initial tumor challenge and, in the cases where noted, every 7 days thereafter. In vivo depletion of CD4 ϩ T cells was performed by the weekly injection of 500 g of anti-CD4 (28) . In vivo blocking of IFN␥ was performed by the weekly injection of 2-3 mg XMG1.2. This treatment was shown to be effective in blocking the effect of IFN␥ in vivo in previous studies (29, 30) .
Cell Preparation, Tetramers, and Cell Staining. After sacrifice of the animals at various times, the draining nodes (periaortic, inguinal, axillary, and brachial), spleen, and tumor tissues were removed and homogenized into single-cell suspensions. In the case of spleen and tumor, the red blood cells were lysed by brief treatment with ammonium chloride buffer followed by washing with BSS. All cells were finally suspended in complete SMEM, and total cell numbers were determined with a Coulter Counter.
Anti-CD8-APC, CD44-FITC, B220-Cychrome, IA b -biotin, and streptavidin-Cychrome were all purchased from PharMingen. K b covalently linked by the C terminus to a peptide tag which is a substrate for BirA was produced in insect cells, biotinylated, and bound to phycoerythrin-streptavidin as described (31, 32) . A 5-10 M excess of SIINFEKL peptide (ova8, ovalbumin residues 257-264) or SIYRYYGL peptide (which, in the context of K b class I, activates T cells bearing the 2C T cell antigen receptor) was added directly to newly constructed K b -phycoerythrin-streptavidin tetramer for at least 30 min at 4°C. Tetramer staining was performed as described (32) . The K b ͞SIYRYYGL tetramer (i.e., same MHC, wrong peptide) and͞or K b ͞ova8 staining of cells from mice bearing a nonovalbumin-expressing tumor (B16neo) was used to establish the background tetramer staining of experimental samples. Each batch of K b ͞ova8 tetramer was tested and normalized for binding to naive OT1 transgenic T cells, which are specific for K b ͞ova8, before use in experiments (32) . Cells were stained with tetramer for 1 h and then treated with GolgiStop (brefeldin A) in the presence of ovalbumin peptide for 4-6 h in complete medium at 37°C. The cells were then stained for CD8 and IFN␥ according to the Becton Dickinson protocol for intracellular cytokine staining.
Four-color fluorescence-activated cell sorter data were collected on a Becton Dickinson FACSCalibur flow cytometer and analyzed with CELLQUEST software.
In Vitro Restimulation and 51 Cr Release Lytic Assays. Single-cell suspensions were made from the spleens of experimental mice, placed at 3-4 ϫ 10 6 cells per milliliter in 12-well plates, and incubated in the presence of peptide and 10% Rat Con-A supernatant in complete minimal essential medium (MEM) for 5 days. The cells were then washed and plated at increasing cell densities in 96-well plates. 51 Cr lytic assays were performed as described (33) 
Results

T Cell Responses in Tumor-Bearing Hosts Are Detectable but Transient
and Nonfunctional. Many human tumors express mutated gene products or gene products that are normally expressed only within a developing embryo (34) (35) (36) (37) (38) . Because of a lack of central tolerance of these so-called tumor neo-antigens, epitopes from these gene products can serve as tumor rejection antigens. In an effort to approximate this kind of tumor rejection antigen, we used the B16 melanoma cell line transfected with the gene for ovalbumin (B16ova) as a representative tumor neo-antigen.
Mice were injected with B16ova intradermally, and at various times thereafter spleen, lymph nodes, and tumor tissue were removed, and the cells were stained with the K b ͞ova8 tetramer to identify all T cells directed against the dominant epitope of the ovalbumin tumor neo-antigen. Despite the development of palpable tumors by day 7-10, tumor-specific T cells were not detectable until about day 15 (Fig. 1A ). This population of CD8 ϩ T cells was usually very small and was seen in either the lymph nodes or spleen. Tumor-specific T cells were more readily detectable within the tumor itself, but usually not until after day 20. Forty to eighty percent of the ova8-specific T cells in the tumor were blasts (high forward scatter) at this time point, suggesting that clonal expansion occurred within the tumor tissue (Fig. 1B) . These cells demonstrated an activated phenotype of high CD44 and low L-selectin expression (Fig. 1B) . Despite this activated phenotype, little if any ova8-specific lytic activity could be detected either directly ex vivo (data not shown) or after in vitro restimulation (see Fig. 4A ).
The number of ova8-specific T cells within the tumor declined over time as the tumor increased in size until the animal was killed, suggesting that the process of deletion of this T cell population was limited only by the life span of the host (Fig. 1C) . The growing tumor still expressed ovalbumin, based on the ability of naive OT1 transgenic T cells (specific for the K b ͞ova8 epitope) to proliferate within the tumor when transferred into tumor-bearing hosts at late time points (data not shown), which suggested that the loss of K b ͞ova8-specific T cells at late time points was not due to the outgrowth of a tumor-antigen-loss variant. In addition, the decline in T cells within the tumor was not caused by their migration to other sites such as lung and liver; although tumor-specific T cells could be detected in these peripheral tissues (data not shown) they were only detectable at such sites at times when they were also detectable in the tumor. Therefore the data suggest that initial T cell activation occurred at early time points within the lymphoid tissue (Fig. 1 A) followed by a trafficking to and clonal expansion of the cells within the peripheral tumor compartment (Fig. 1B) . Despite this clonal expansion, the tumor-specific T cells were nonfunctional, and their decline in number indicated their progressive deletion (Fig. 1C) .
This model system is remarkably consistent with what little is known about tumor-specific T cell responses from human patient samples. Similar to our model system, the melanoma-specific T cells detectable by tetramer staining in blood or tissue samples from patients often show an activated phenotype but no functional response when assessed for lytic activity or cytokine production (12) (13) (14) (15) (16) . In addition, whereas we originally designed these experiments to assess the activity of T cells directed against a representative tumor neo-antigen (ovalbumin), we were also recently able to confirm these findings for T cells directed against the endogenous B16 tumor antigen TRP2. The kinetics of the response of TRP2-specific T cells, as assessed by tetramer staining in B16 tumor-bearing mice, is remarkably similar to the ovalbumin-specific response in terms of expansion and deletion (data not shown) and further supports the physiological relevance of this model system (R.M.K. and S.D., unpublished results).
Agonistic Anti-CD40 Antibody Treatment Accelerates the Deletion of
Tumor-Specific CD8 ؉ T Cells. CD40 is a molecule expressed on APCs which, when stimulated with agonistic antibodies, can dramatically affect CD8 ϩ T cell responses (17) (18) (19) . A number of groups have used anti-CD40 treatment in studies of tumor growth and rejection and have reported significant benefits from this treatment, particularly with respect to inhibiting the longterm deletion of tumor-antigen-specific T cells (21, 22) . In those studies, anti-CD40 treatment was accompanied by some form of tumor-antigen immunization in the presence of adjuvant (e.g., peptide in complete Freund's adjuvant or virus), to enhance tumor-antigen expression and presentation to a level that was detectable by the specific T cells.
Using MHC tetrameric reagents, we were able to detect an ovalbumin T cell response in tumor-bearing mice, suggesting that ova8 antigen presentation was occurring to a significant extent in mice challenged with tumor alone. It therefore seemed possible that tumor-antigen immunization was unnecessary and that anti-CD40 treatment alone of tumor-bearing mice might prevent the deletion and͞or rescue the function of the tumorspecific T cell response. If true, this treatment with anti-CD40 alone might be of significant clinical benefit, alleviating the need to determine a priori the primary tumor-antigen candidates in any given patient and essentially allowing the host to focus its responses on whatever tumor antigens it is already presenting. We therefore treated mice with anti-CD40 alone 7 days after initial tumor challenge and assessed the T cell response as before.
Shortly after the anti-CD40 treatment, we observed an increase in the numbers of K b ͞ova8-specific T cells within the tumor by comparison with controls ( Fig. 2A) , indicating that this treatment did have an effect on the developing T cell response. However, in the long term, the anti-CD40 treatment actually accelerated deletion of the K b ͞ova8-specific T cells (Fig. 2 A and  C) . Moreover, even the T cells present during the early expansion immediately after anti-CD40 treatment did not demonstrate significant IFN␥ production (Fig. 2D ) or lytic activity (data not shown and see Fig. 4A ), a result that was consistent with the continued growth of the tumor (Fig. 2B ) and further indicated that anti-CD40 stimulation alone was deficient for signals necessary for a functional T cell response.
T Cell Deletion Is Prevented by Coimmunization with Anti-CD40 and
Ovalbumin-Expressing VV. As mentioned, other groups have demonstrated that anti-CD40 treatment of tumor-bearing hosts significantly augments a tumor-specific T cell response when the host is coimmunized in some fashion with tumor antigen (21, 22) . By using VVova, we determined whether tumor-antigen immunization in our model system would similarly prevent the deletion of tumor-specific T cells. B16ova tumor-bearing mice were injected on day 7 with VVova with or without the addition of anti-CD40 antibody treatment. Control VV-immunized mice showed little difference from nonimmunized (control) mice with respect to tumor growth and expansion of K b ͞ova8-specific T cells (Fig. 3A) . Interestingly, immunization of mice with control virus and anti-CD40 showed little difference from mice treated with anti-CD40 only, demonstrating that the inflammatory signals induced by the viral infection were not sufficient to prevent the anti-CD40-enhanced deletion of ova8-specific T cells. Immunization of a tumor-bearing host with VVova alone resulted in a significant expansion of ova8-specific T cells in both the spleen and tumor (Fig. 3 A and C) . Initially the expansion of T cells in VVova-immunized hosts correlated with a dramatic reduction in tumor size compared with control virus-immunized hosts (Fig. 3B) . Despite this initial expansion of T cells, however, the ova8-specific T cell number gradually declined (Fig. 3 A and  C; note the logarithmic scale), and the tumor resumed growth (Fig. 3B) until sacrifice of the host was necessary.
In contrast, the combination of anti-CD40 treatment and VVova immunization resulted in an increase in the percentage of tumor-antigen-specific T cells over VVova infection alone (Fig. 3A) . Moreover, no discernible decrease in ova8-specific T cell number occurred over 5 weeks after immunization (Fig. 3C) . Anti-CD40 treatment of VVova-immunized mice also resulted in long-term inhibition of tumor growth (Fig. 2B) . Consistent with data from previous reports (21, 22) , this treatment induced significant lytic activity (Fig. 4A) and IFN␥ production by the tumor-specific T cells (Fig. 4B) . The IFN␥ production appeared to be the primary cause of the tumor growth inhibition observed, as demonstrated by in vivo anti-IFN␥ antibody blocking experiments (Fig. 4C ). Thus our model system is consistent with other experimental model systems (21, 22) as well as with observed clinical data on the progression of tumor-specific T cell responses in patients (12) (13) (14) (15) (16) .
Antigenic Immunization or Inflammation Alone Is Not Sufficient to
Rescue T Cell Function. Because it was apparent that anti-CD40 treatment during challenge with VVova was capable of rescuing both T cell survival and function (Fig. 3) , we attempted to determine what cellular, inflammatory, and antigenic factors played a role in this rescue. CD4 ϩ T cells have been shown to be necessary for enhancing the survival and function of CD8 ϩ T cells and͞or the host, particularly after vaccination in tumor model systems (39) (40) (41) . However, CD4 cells did not appear to play a significant role in mediating the rescue seen by VVova and anti-CD40 treatment, as CD4 depletion of these tumor-bearing hosts demonstrated T cell function (Fig. 5A) and tumor growth control (data not shown) comparable to those of the non-CD4-depleted controls. It therefore appeared that some combination of antigenic and inflammatory stimuli may have acted directly upon the CD8 ϩ T cells. Neither a control virus infection alone, to provide non-antigen-specific inflammatory conditions as in Fig. 3 , nor an increased antigen load alone, in the form of ovalbumin DNA immunization, was able to replicate the ability of VVova and anti-CD40 treatment to rescue T cell function (Fig. 5B) . Only when tumor-bearing mice were treated with a combination of ovalbumin DNA immunization, control virus, and anti-CD40, a situation that essentially recapitulates VVova and anti-CD40 treatment, was T cell function rescued (Fig. 5B) . Therefore, the accelerated tolerance and deletion brought on by anti-CD40 treatment alone appeared to be dominant in most cases, whereas preventing this deletion was accomplished solely by the expression of specific antigen in the context of a viral infection.
Discussion
It is well known that the activation state of the APC significantly affects the success of a T cell response. Our data suggest, however, that the success of a T cell response may depend upon more than simple activation of antigen-bearing APC. Stimulation of APC via CD40 has been shown to have a positive effect upon the activation of APC and, as a result, on the development and effector function of CD8 ϩ T cells in a variety of model systems (17) (18) (19) . These effects on the generation of CD8 ϩ T cells have made anti-CD40 treatment seem particularly useful for tumor immunotherapy. Indeed, we (Fig. 2) and others (21, 22) have found that in the appropriate immunization context, agonistic CD40 antibody treatment can induce tumor regression and activation of tumor-specific T cells in tumor-bearing hosts. However, CD40 stimulation alone in B16ova-bearing mice unexpectedly resulted in a more rapid deletion of the tumor-specific T cells. This finding demonstrated that, rather than immunity, anti-CD40 stimulation in this context enhanced systemic tolerance of a tumor-specific antigen.
Whereas we have demonstrated this effect of CD40 treatment in a tumor model system, another group has documented the ability of an agonistic anti-CD40 antibody to mediate T cell deletion in an autoimmunity model system (23) , suggesting that this effect of agonistic CD40-mediated stimulation is not limited to our experimental protocol. It is worth noting that we used a rather late time point of anti-CD40 treatment compared with that of other reports (21, 22) , so possibly the anti-CD40 was administered too late to prevent the death of the tumor-reactive cells. However, the anti-CD40 in our protocol did initially increase the numbers of tumor-specific T cells for 7-10 days after treatment, so this seems unlikely.
It is not clear what signals are responsible, in the cascade of signals that a virus such as vaccinia induces, for synergizing with anti-CD40 to supply the T cells with the proper stimuli for long-term survival and IFN␥ production. It is likely that proinf lammatory cytokines such as IL-12 (42) (43) (44) , tumor necrosis factor-␥ (45-48), or the recently described IL-23 (49) may be involved, and they may not be elicited by anti-CD40 treatment alone. This hypothesis is supported by a recent report demonstrating that whereas anti-CD40 treatment of dendritic cells in vitro elicits IL-12 production, anti-CD40 treatment alone in vivo does not (50) . However, it is unlikely that the expression of a single cytokine such as IL-12 will make up the entire difference between a functional or nonfunctional T cell response. For example, preliminary experiments using intramuscular IL-12 DNA injections to provide long-term IL-12 expression in vivo in tumor-bearing hosts has demonstrated that although this treatment does promote the survival and͞or expansion of tumor-specific T cells, it has little effect on promoting their ability to produce IFN␥ (R.K. and S.D., unpublished results). It is likely that an integration of the type, quantity, and timing of cytokine(s) expression during antigen presentation is necessary for inducing a long-lived, functional T cell response.
In conclusion, our results demonstrate that the activation of APC through CD40 alone is not sufficient to elicit a long-lived T cell response in a tumor-bearing host unless it is coupled to a tumor antigen͞inflammatory͞adjuvant immunization. Clinical trials evaluating anti-CD40 treatment have been proposed for a number of different cancer types. Our data suggest that caution must be used in treating these patients with anti-CD40 and that continuing research must focus on understanding what other stimuli act in concert with this APC stimulatory pathway to promote either tolerance or immunity. Rescue of tumor-specific CD8 ϩ T cell function is CD4 ϩ T cellindependent and requires both antigenic immunization and virally mediated inflammation. (A) Mice were injected with 500 g of anti-CD4 antibody (GK1.5) i.p. 1 day before B16ova tumor challenge and every 7 days thereafter. Mice were then immunized as in Fig. 3 with VVova and anti-CD40, and the IFN␥ production of ova8-specific T cells in the tumor was assessed 25 days after initial tumor challenge as described in Fig. 2 . Staining spleen cells with anti-CD4 (RM4-4) indicated that CD4 cells had been depleted (less than 0.2% staining; data not shown). Open histograms are of total CD8 ϩ T cells from within the tumor, and closed histograms are of tetramer ϩ , CD8 ϩ cells. (B) Seven days after B16ova challenge, mice were treated with combinations of control VV, intramuscular ovalbumin DNA immunization, and͞or anti-CD40. Eighteen days later, tumor tissue was removed, and the IFN␥ production of tetramer-staining CD8 ϩ T cells was assessed as in Fig. 2 . The results are representative of two independent experiments.
